Signaling activated by binding of the CXC motif chemokine ligand 12 (CXCL12) to its cognate G protein-coupled receptor (GPCR), chemokine CXC motif receptor 4 (CXCR4), is linked to metastatic disease. However, the mechanisms governing CXCR4 signaling remain poorly understood. Here, we show that endocytosis and early endosome antigen 1 (EEA1), which is part of the endosome fusion machinery, are required for CXCL12-mediated AKT Ser/Thr kinase (Akt) signaling selective for certain Akt substrates. Pharmacological inhibition of endocytosis partially attenuated CXCL12-induced phosphorylation of Akt, but not phosphorylation of ERK-1/2. Similarly, phosphorylation of Akt, but not ERK-1/2, stimulated by CXCL13, the cognate ligand for the chemokine receptor CXCR5, was also attenuated by inhibited endocytosis. Furthermore, siRNA-mediated depletion of the Rab5-effector EEA1, but not of adaptor protein, phosphotyrosineinteracting with PH domain and leucine zipper 1 (APPL1), partially attenuated Akt, but not ERK-1/2, phosphorylation promoted by CXCR4. Attenuation of Akt phosphorylation through inhibition of endocytosis or EEA1 depletion was associated with reduced signaling to Akt substrate forkhead box O1/3a but not the Akt substrates TSC complex subunit 2 or glycogen synthase kinase 3␤. This suggested that endocytosis and endosomes govern discrete aspects of CXCR4-or CXCR5-mediated Akt signaling. Consistent with this hypothesis, depletion of EEA1 reduced the ability of CXCL12 to attenuate apoptosis in suspended, but not adherent, HeLa cells. Our results suggest a mechanism whereby compartmentalized chemokine-mediated Akt signaling from endosomes suppresses the cancer-related process known as anoikis. Targeting this signaling pathway may help inhibit metastatic cancer involving receptors such as CXCR4. . 2 The abbreviations used are: CXCR, chemokine CXC motif receptor; CXCL, CXC motif chemokine ligand; GPCR, G protein-coupled receptor; EEA1, early endosome antigen 1; ERK-1/2, extracellular signal-regulated kinases 1 and 2; APPL1, adaptor protein, phosphotyrosine-interacting with PH domain and leucine zipper 1; PH, pleckstrin homology; TSC2, tuberous sclerosis complex 2; PI3K, phosphoinositide 3-kinase; PIP3, phosphatidylinositol(3,4,5)-trisphosphate; PDK1, 3-phosphoinositide-dependent protein kinase-1; mTORC2, mTOR complex 2; pAkt-Ser 473 , phosphorylation of Akt at Ser 473 ; FoxO, forkhead box O; GSK3␤, glycogen synthase kinase 3␤; EGF, epidermal growth factor; PARP, poly(ADP-ribose) polymerase; ESCRT, endosomal sorting complex required for transport; FAK, focal adhesion kinase; MEM, minimum essential medium; TBS, Tris-buffered saline; ANOVA, analysis of variance.
Signaling by the chemokine receptor CXC motif receptor 4 (CXCR4) 2 instigated by binding to its cognate ligand, CXCL12, plays an important role in cancer progression (1) (2) (3) . Upon activation by CXCL12, CXCR4 signals to a variety of intracellular signaling pathways, including the Akt signaling pathway (3, 4) . This pathway has been linked to CXCR4-mediated cell survival, especially in the context of metastatic breast cancer (5) . Akt is a serine/threonine protein kinase that phosphorylates diverse proteins to regulate many cellular functions (6, 7) . Akt acts on several factors relevant to antiapoptosis and on transcription factors that regulate gene expression that promotes a cell survival phenotype (7) . However, the mechanisms by which Akt signaling is activated by cell signaling receptors remain poorly understood.
CXCR4 couples with heterotrimeric guanine nucleotidebinding protein G␣ i and the associated G␤␥ heterodimer to initiate Akt signaling from the inner leaflet of the plasma membrane (8) . Similar to other GPCRs, the released G␤␥ directly activates phosphoinositide 3-kinase (PI3K), leading to the production of phosphatidylinositol (3, 4, 5) -trisphosphate (PIP3, also known as PtdIns (3, 4, 5) P 3 ) at the plasma membrane (9) . This results in the recruitment of 3-phosphoinositide-dependent protein kinase-1 (PDK1) and Akt to PIP3 at the plasma membrane via their respective pleckstrin-homology domains, culminating in PDK1 phosphorylation of Thr 308 on Akt (Akt1). For full activation, Akt is also phosphorylated at Ser 473 by mTORC2. The mechanisms governing temporal and spatial activation of Akt remain poorly understood.
An emerging concept in GPCR signaling is that, in addition to the plasma membrane, GPCRs can signal from an intracellular site generally via either G proteins or ␤-arrestins (10, 11) . In addition to the plasma membrane, ␤-adrenergic receptor 2 can couple with its cognate heterotrimeric G protein at the surface of endosomes to instigate ligand-dependent cAMP signaling (12, 13) . The protease-activated receptor 2 can couple with ␤-arrestindependent formation of multimeric signaling complexes at the surface of endosomes to mediate extracellular signal-regulated kinase 1 and 2 (ERK-1/2) signaling (14) . An interesting aspect of signaling from the surface of endosomes is that it is qualitatively distinct from the signaling that is initiated at the cell surface (12) .
GPCR-instigated Akt signaling has also been linked to the surface of endosomes (15, 16) , but whether this applies broadly to other GPCRs, such as chemokine receptors, remains unknown. Here, we provide evidence that endocytosis and endosomal protein early endosome antigen 1 (EEA1), but not adaptor protein, phosphotyrosine-interacting with PH domain and leucine zipper 1 (APPL1), are required for CXCR4-and CXCR5-promoted Akt activation and signaling. Endocytosis or EEA1 specifies chemokine-instigated phosphorylation of certain Akt substrates but not others. Importantly, EEA1 is required for chemokine-instigated suppression of apoptosis in detached cells but not in adherent cells. Our data are consistent with endosomes specifying context-specific chemokine signaling that is relevant to suppression of the cancer-related process known as anoikis or anchorage-independent cell death.
Results

Role of endocytosis in CXCR4-mediated Akt activation
CXCL12 binding to its cognate receptor, CXCR4, activates many signaling pathways, including the ERK-1/2 and Akt signaling pathways (1, 2, 4) . Previously, we reported that CXCR4mediated activation of ERK-1/2 does not require endocytosis (17) . However, whether endocytosis is required for activation of Akt remains an open question. To address this, HeLa cells were treated with dynasore, an inhibitor of dynamin, a GTPase that is required for endocytosis (18) and is often used to inhibit GPCR endocytosis (19, 20) . Dynasore treatment of HeLa cells attenuated CXCL12 internalization of CXCR4 ( Fig. 1A ). To examine whether dynasore treatment impacted CXCR4-mediated activation of Akt, HeLa cells were serum-starved for 3 h and then treated with 10 nM CXCL12 or vehicle for 5 min. Akt activation was assessed by immunoblotting to detect phosphorylation of Akt at serine residue 473 using a phosphospecific antibody as we have described previously (8) . Dynasore treatment significantly attenuated CXCL12-instigated phosphorylation of Akt at Ser 473 (pAkt-Ser 473 ) by ϳ50% compared with control ( Fig. 1, B and quan-tifiedinC).DynasoretreatmentdidnotimpactERK-1/2phosphorylation ( Fig. 1, B and quantified in D), indicating that dynasore does not globally impact signaling and confirming our previous results that endocytosis is not required for CXCR4-mediated ERK-1/2 activation (17) . These data suggest that CXCR4-mediated activation of Akt, in part, requires endocytosis.
To determine how broadly applicable the requirement for endocytosis is in chemokine receptor-instigated Akt activation, we examined CXCL13, the sole cognate ligand for the chemokine receptor CXCR5 (3). This receptor is expressed endogenously in HeLa cells (21) , and treatment of HeLa cells with increasing doses of CXCL13 robustly promoted phosphorylation of Akt and ERK-1/2 (Fig. 2, A and quantified in B) . Similar to CXCR4, CXCR5 couples with a pertussis toxin-sensitive heterotrimeric G protein to phosphorylate Akt or ERK-1/2 (Fig.  2 , C and quantified in D and E, respectively). HeLa cells also express the CXC chemokine receptors CXCR7 (also known as ACKR3) and CXCR3 (21) ; however, treatment of HeLa cells with CXCL11 or CXCL10, ligands for these receptors, respec-tively, did not significantly promote phosphorylation of Akt (Fig. 2 , F and quantified in G).
We focused on CXCL13 signaling via CXCR5 for further experiments. Similar to CXCL12 (Fig. 1A) , dynasore treatment of HeLa cells significantly attenuated CXCL13 internalization of CXCR5 ( Fig. 3A ) and phosphorylation of Akt, but not ERK-1/2, by CXCL13 ( Fig. 3, B and quantified in C and D, respectively). To determine whether the requirement for endocytosis was restricted to HeLa cells, we examined chemokine-mediated phosphorylation of Akt in WEHI-231 cells, a B-lymphoma cell line that expresses CXCR4 and CXCR5 (22) . Dynasore treatment of WEHI-231 cells significantly attenuated CXCL12-or CXCL13-instigated phosphorylation of Akt (Fig. 4 , A and quantified in B). These data suggest that endocytosis-mediated Akt activation may be broadly applicable to chemokine receptors and cell types.
Chemokine receptor signaling to forkhead box O1/3a (FoxO1/ 3a) transcription factors is impaired by dynasore treatment
Once activated, Akt can phosphorylate many proteins involved in discrete processes (6, 7) . To examine whether endocytosis impacts Akt signaling, we examined the phos- 
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phorylation status of Akt substrates FoxO1/3a, glycogen synthase kinase 3␤ (GSK3␤), and tuberous sclerosis complex 2 (TSC2) (7) . Akt phosphorylates FoxO1/3a at Thr 24/32 , GSK3␤ at Ser 9 , and TSC2 at Thr 1462 (7) . Dynasore treatment significantly attenuated CXCL12-or CXCL13-insti-gated phosphorylation of FoxO1/3a but not TSC2 or GSK3␤ (Fig. 3 , B and quantified in E, F, and G, respectively). Taken together, these data suggest that endocytosis specifies Akt substrate phosphorylation downstream of chemokine receptor signaling. 
Role of APPL1 and EEA1 in CXCR4-mediated Akt signaling
Given that endocytosis is required for CXCR4-mediated Akt signaling, we next addressed whether endosomes are also required. Rab5-positive endosomes containing the Rab5-effector protein APPL1 have been linked to Akt signaling (23) (24) (25) . APPL1 interacts with certain signaling receptors, suggesting that APPL1 endosomes may provide a platform for the assembly of signaling complexes (23) (24) (25) (26) (27) . Depletion of APPL1 with two discrete siRNAs significantly attenuated insulin-instigated phosphorylation of Akt at Ser 473 (Fig. 5 , A and quantified in B), consistent with a role of APPL1 in Akt signaling (25) . In contrast, depletion of APPL1 did not impact CXCL12-or epidermal growth factor (EGF)-instigated phosphorylation of Akt (Fig. 5 , A and quantified in B). These results reveal that APPL1 is not required for CXCR4-mediated Akt activation.
A second class of Rab5-positive endosomes contains the Rab5-effector EEA1 (28) . EEA1-positive endosomes have been previously linked to GPCR-mediated Akt signaling (15) . Depletion of EEA1 with two discrete siRNAs significantly attenuated CXCL12-instigated phosphorylation of Akt at Ser 473 (Fig. 6 , A and quantified in B). Phosphorylation of ERK-1/2 was not impacted by EEA1 depletion (Fig. 6 , A and quantified in D), indicating that there was not a global defect in signaling. Furthermore, depleting EEA1 attenuated CXCL12-instigated signaling to Akt substrate FoxO1/3a but not GSK3␤ or TSC2 (Fig.  6 , A and quantified in C and D, respectively). Together these data suggest that EEA1-positive, but not APPL1-positive, endosomes specify discrete Akt substrate phosphorylation downstream of CXCR4 signaling.
EEA1 is required for CXCR4-mediated suppression of apoptosis in detached, but not adherent, cells
Akt promotes cell survival by suppressing apoptosis via directly phosphorylating and inactivating proapoptotic proteins (7) . CXCR4-mediated Akt signaling has been linked to cell survival, which is key to its role in metastatic disease (29) . This is especially relevant when tumor cells detach and transit the bloodstream to distant sites. Typically, upon detachment, cells undergo anchorage-independent cell death or apoptosis known as anoikis (30) . Because EEA1 is required for Akt signaling, we tested whether EEA1 is required for suppression of apoptosis by CXCR4 in detached or adherent cells. In control siRNA cells that were maintained in an adherent setting, CXCL12 reduced PARP cleavage, a hallmark of apoptosis. In detached cells, cleaved PARP was somewhat elevated compared with adherent cells, suggesting greater apoptosis. Importantly, the ability of CXCL12 to reduce PARP cleavage was similar or not statistically significant between adherent and detached cells ( Fig. 7 , A and quantified in B). In EEA1-depleted cells, basal levels of cleaved PARP were higher than in control cells, suggesting active apoptosis. Importantly, CXCL12 significantly reduced PARP cleavage in adherent cells but not in detached cells (Fig. 7 , A and quantified in B). To further confirm these findings, in parallel samples we quantified caspase-3/7 activity using a luminescence assay. In control siRNA cells, the ability of CXCL12 to reduce caspase-3/7 activity was not significantly different between adherent and detached cells (Fig. 7C ). In contrast, EEA1 depletion significantly attenuated the ability of CXCL12 to reduce caspase-3/7 activity in detached cells but not in adherent cells (Fig. 7C ). These results are consistent with EEA1 being required for CXCR4-mediated suppression of apoptosis.
Discussion
Our study provides mechanistic insight into which chemokine receptors activate Akt signaling. Our data reveal that CXCR4-mediated Akt activation and signaling require endocytosis and the Rab5-effector EEA1 but not APPL1, suggesting a role for EEA1-positive endosomes in Akt signaling. This is likely broadly applicable to other chemokine receptors because CXCL13, the cognate ligand for the chemokine receptor CXCR5, also requires endocytosis for Akt signaling. This is not cell type-dependent because, in addition to HeLa cells, endocytosis is also required for CXCR4-or CXCR5-mediated Akt activation in WEHI-231 cells. CXCL12 time-dependent stimulation indicates that endocytosis impacts the efficiency of Akt phosphorylation, rather than the kinetics, but does not impact ERK-1/2 phosphorylation ( Fig. S1 ). Further, our data suggest that Akt signaling from EEA1-positive endosomes specifies Akt substrate specificity. Furthermore, and importantly, EEA1-positive endosomes are likely required for CXCL12-instigated suppression of anoikis, a type of anchorage-independent cell death.
Our study provides evidence that GPCRs can drive Akt signaling with qualitatively distinct functional consequences depending on the compartment from which Akt signaling occurs.
Our results extend the concept that GPCR signaling requires endocytosis. Blocking endocytosis pharmacologically attenuates CXCR4-and CXCR5-mediated Akt activation and signaling ( Figs. 1 and 3 ). Dynasore attenuated Akt phosphorylation by ϳ50%, suggesting that canonical Akt activation at the plasma membrane remains intact when endocytosis is blocked. Although dynasore is known to have off-target effects (31), it 
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Relative pFoxO Levels 1 and 3) . We have previously shown that endocytosis is not required for ERK-1/2 phosphorylation by CXCR4 but requires the protein caveolin-1, a major component of caveolae or lipid rafts at the plasma membrane (17) . Therefore, CXCR4 signaling is highly compartmentalized whereby discrete receptor and G-protein pools likely mediate Akt or ERK-1/2 signaling. Endosomes are required for Akt activation and signaling. EEA1 is a Rab5 effector and a key player of the endosome fusion machinery; therefore, its depletion likely disrupts endosome dynamics (28, 32) , suggesting that an intact endosomal network, rather than a direct effect of EEA1, is required for Akt activation and signaling (Fig. 6 ). EEA1 depletion did not impact ERK-1/2 phosphorylation (Fig. 6) , indicating that there is not a global impact on signaling when EEA1 is depleted and that EEA1-positive endosomes are not required for ERK-1/2 signaling by CXCR4. A requirement for EEA1 in Akt signaling by GPCRs is in line with previous studies. EEA1-positive endo-somes have been linked to Akt activation by angiotensin II in vascular smooth muscle cells (15) . Another Rab5-effector, APPL1, which is mainly localized to a subpopulation of peripheral endosomes devoid of EEA1 (33), is not involved in CXCR4mediated Akt activation or signaling ( Fig. 5 ). APPL1-positive endosomes have been implicated in Akt and ERK-1/2 signaling mediated by several cell signaling receptors, such as the insulin receptor ( Fig. 5 ) and the GPCR that binds to lysophosphatidic acid (34) . It is likely that APPL1-positive endosomes may be required for Akt signaling of a subset of cell signaling receptors. APPL1 has a related family member called APPL2 (25), which we have not examined in this study and therefore cannot rule out. Our results are consistent with EEA1-positive endosomes being required for Akt activation and signaling mediated by a subset of GPCRs.
EEA1-positive endosomes may serve as an ideal signaling platform for assembling complexes required for activation of Akt signaling. We have yet to directly demonstrate that CXCR4 or CXCR5 located at endosomes directly drives Akt signaling. However, we have previously shown that CXCR4 traffics very efficiently to EEA1-positive endosomes (35) (36) (37) . Other factors required for Akt phosphorylation have also been found at endosomes. Previously, we have shown that PDK1 localizes to EEA1- 
Endocytosis regulates CXCR4 signaling
positive endosomes (38) , and mTORC2 activity and phosphorylation of Akt have been linked to the surface of endosomes (39) . We recently reported that ESCRTs, which are typically found at the surface of endosomes, are also required for CXCR4-mediated Akt activation and signaling (8) . Because heterotrimeric G proteins are required for CXCR4-mediated Akt signaling, they may also be required to be present on endosomes. There is evidence that G␤␥-mediated PI3K signaling may occur from Rab11-positive recycling endosomes via the lysophosphatidic acid receptor (16), although it is unclear how this localization of PI3K relates to the site of relevant phosphoinositide production. Sphingosine 1-phosphate-mediated G␣ isignaling has been linked to the Golgi, not endosomes, and instigated by an unnatural ligand (40). Whether heterotrimeric G protein G␣ i localizes to EEA1-positive endosomes remains unclear. ␤-Arrestins have also been linked to GPCR-mediated Akt activation from endosomes (41); however, considering that CXCR4-or CXCR5-mediated Akt activation is completely G protein-dependent ( Fig. 2C ), it is difficult to envision a role for ␤-arrestins. However, ␤-arrestindependent signaling is complex, and its relationship to G-protein signaling may be more intertwined than previously appreciated (42); therefore, ␤-arrestins cannot be completely ruled out at this time.
We provide evidence that EEA1-positive endosomes specify Akt substrate specificity. Pharmacological inhibition of endocytosis ( Figs. 1 and 3 ) or depletion of EEA1 (Fig. 6) attenuates CXCR4-or CXCR5-mediated phosphorylation of Akt substrates FoxO1/3a but not TSC2 or GSK3␤. Notably, ESCRTs are also required for CXCR4-mediated Akt signaling to FoxO1/3a but not GSK3␤ or TSC2 (8) . As mentioned above, this signaling specificity could relate to localization of Akt activation, but it could also relate to localization of its substrates. GSK3␤ or TSC2 is likely localized to compartments other than EEA1positive endosomes (7, 25) . FoxO1/3a are members of the FoxO family of transcription factors (43) . Akt phosphorylation of FoxO1/3a promotes their association with 14-3-3 phospho-binding proteins, leading to their nuclear export and retention in the cytoplasm (44) . How endosomes relate to this canonical manner by which Akt regulates FoxO phosphorylation and localization remains unclear and requires further investigation.
Akt signaling is typically antiapoptotic by directly inhibiting the activity of proapoptotic proteins and by suppressing the expression of proapoptotic genes in part by blocking the function of transcription factors FoxO1 and FoxO3a (7) . Our data provide evidence that EEA1 is required for CXCR4-mediated suppression of apoptosis in detached cells but not adherent cells (Fig. 7) . This is consistent with the notion that endosomes are required for CXCR4-mediated suppression of the cancerrelated process known as anoikis. Our results are somewhat reminiscent of integrin-mediated suppression of anoikis, which requires endocytosis and EEA1-positive endosomes (45) . In this example, endosomes provide a platform for noncanonical activation of focal adhesion kinase (FAK) and survival signaling (45) . FAK is not required for Akt activation, nor is Akt involved in FAK activation downstream of CXCR4. 3 Although endo-somes may have a general role in cell signaling to suppress anoikis, the mechanisms we describe here may be unique to GPCRs. It is important to note that in siLuc-treated cells CXCL12-mediated suppression of PARP cleavage or caspase-3/7 activity was similar, yet only moderate in both the adherent and detached settings ( Fig. 7) . Additional studies with more robust cellular and physiological model systems are needed to examine this further. Another interesting aspect of our findings is that although EEA1 depletion attenuates CXCR4-mediated phosphorylation of Akt and FoxO1/3a (Fig. 5 ) suppression of apoptosis is still intact in adherent cells (Fig. 7) . This is likely because other aspects of CXCR4 signaling are involved in suppressing apoptosis in adherent cells (3) . However, this signaling redundancy is lost when cells are kept in suspension, consistent with endosomes selectively specifying Akt signaling that suppresses anoikis. How this signaling relates to nonadherent cells, such as WEHI-231 cells (Fig. 4 ), or in cancers in which CXCR4 signaling may have opposite effects on anoikis (46, 47) requires further investigation.
Our study provides evidence that chemokine receptormediated Akt signaling occurs in a compartmentalized manner to regulate context-specific aspects of cell physiology. Our data are consistent with chemokine receptor-mediated Akt signaling occurring from the plasma membrane and from the surface of EEA1-positive endosomes. Signaling from endosomes may be selective for signaling to certain Akt substrates (FoxO1/3a) but not others (GSK3␤ and TSC2), suggesting that Akt signaling from endosomes may lead to different cellular outcomes than signaling from the plasma membrane. Endosomes may be required for suppression of apoptosis, but only in detached cells, not adherent cells. This is consistent with endosomes sensing and specifying (i.e. decoding) proper context-specific signaling. Although this compartmentalized signaling may be a general property of chemokine receptors, it remains to be determined whether it can be broadly applied to other GPCRs. It will be important in the future to further elucidate the mechanisms involved in Akt signaling from endosomes and how it suppresses apoptosis. This may reveal novel aspects of this signaling that can be targeted in cancer linked to GPCRs such as CXCR4.
Experimental procedures
Cell culture, antibodies, and reagents
HeLa (CCL-2) and WEHI-231 (CRL-1701) cells were from the American Type Culture Collection (Manassas, VA). Cells were maintained in minimum essential medium (MEM; Gibco, Thermo Fisher Scientific) supplemented with 10% fetal bovine serum (FBS; Sigma-Aldrich . Lipofectamine 3000 (catalogue number L3000008, Life Technologies) transfection reagent was used for transfection of siRNA. HeLa cells were grown in 10-cm or 6-well dishes with 10 nM final siRNA against EEA1 or APPL1 or control luciferase siRN, similarly to what we have described previously (8) .
Signaling assay
HeLa cells that were either transfected with siRNA or untransfected were passaged onto 6-well dishes and grown for an additional 24 h to ϳ90% confluence. Cells were washed once with warm MEM containing 20 mM HEPES, pH 7.4, and incubated in the same medium for 3 h at 37°C. Cells transfected with siRNA were treated with 10 nM CXCL12, 100 nM CXCL13, 100 ng/ml EGF, 50 nM insulin, or vehicle (water; 1:1000 dilution) for 5 min at 37°C. To examine chemokine signaling in HeLa cells, cells were treated with 10 nM CXCL12 and 10 -1000 nM CXCL13, CXCL11, or CXCL10. To examine the effect of dynasore, untransfected HeLa or WEHI-231 cells grown in 6-well dishes were preincubated with 80 M dynasore or DMSO (1:1000 dilution) for 30 -60 min at 37°C before treatment with CXCL12 or CXCL13 for 5 min. HeLa cells were then washed once with cold PBS and scraped off the dish in 300 l of 2ϫ sample buffer (8% SDS, 10% glycerol, 5% ␤-mercaptoethanol, 37.5 mM Tris-HCl, pH 6.5, 0.003% bromphenol blue). WEHI-231 cells were transferred to round-bottom centrifuge tubes, centrifuged at 1000 ϫ g for 5 min at 4°C, washed once in PBS, and centrifuged to pellet cells. Cell pellets were solubilized in 300 l of 2ϫ sample buffer. Equal amounts were analyzed by 10% SDS-PAGE and immunoblotting with antibodies against phosphorylated and total proteins. The phosphorylation status of various proteins was quantitated by densitometric analysis of similar exposures across multiple experiments using ImageJ software (National Institutes of Health, Bethesda, MD).
Anoikis assay
Cells were plated onto 6-well dishes 24 h after transfection. Twenty-four hours later cells were analyzed in adhesion and detached settings. Cells were washed once with warm MEM containing 20 mM HEPES, pH 7.4, and incubated in the same medium for 1 h at 37°C. For the adhesion setting, adherent cells were then treated with 10 nM CXCL12 or vehicle and incubated at 37°C for 2-5 h. For the detached setting, cells were detached from the plate with HyQTase (Hyclone Laboratories, Logan, UT); centrifuged; washed in PBS; resuspended in MEM containing 20 mM HEPES, pH 7.4; and seeded onto 6-well plates pretreated with 10 mg/ml poly(2-hydroxyethyl methacrylate) (catalogue number P3932, Sigma) in 100% ethanol to prevent adhesion. Cells were then treated with 10 nM CXCL12 or vehicle and incubated at 37°C for 2-5 h. Adherent cells were washed once with cold PBS and harvested in 300 l of cold radioimmune precipitation assay buffer (50 mM Tris-HCl pH 8.0, 150 mM NaCl, 0.5% sodium deoxycholate, 1% Nonidet P-40, 0.1% SDS, 10 mM NaF, 10 mM sodium orthovanadate, and protease inhibitors (10 g/ml each of aprotinin, pepstatin A, and leupeptin; Roche Applied Science)). Detached cells were collected into microcentrifuge tubes and centrifuged at 4°C at 1000 ϫ g for 5 min. Supernatant was aspirated, and cells were washed twice with cold PBS. Cells were lysed in 300 l of radioimmune precipitation assay buffer. Lysates were cleared by centrifugation at 14,000 rpm for 20 min at 4°C using a 5417r Eppendorf microcentrifuge. Protein concentration of cleared lysates was determined using a BCA protein assay kit (Pierce Thermo Fisher). A small aliquot of sample (40 l) was saved in 5ϫ sample buffer for immunoblotting PARP, cleaved caspase-3, and EEA1. The remaining sample with protein amount ranging from 10 to 58 g across multiple experiments was used in accordance with Caspase-Glo 3/7 Assay kit (catalogue number G8091, Promega, Madison, WI) to measure the luminescence associated with the amount of caspase activity per sample.
Internalization assay
Whole-cell ELISA was used to measure CXCR4 and CXCR5 internalization essentially as we have described previously (36, 48) . HeLa cells grown on 10-cm dishes were transiently transfected with HA-CXCR4 (10 g) or HA-CXCR5 (10 g) using polyethylenimine. The next day ϳ200,000 cells were seeded onto poly-L-lysine-coated 24-well plates. Cells were serumstarved for 1 h and pretreated with DMSO or 80 M dynasore for 30 min followed by stimulation with 10 nM CXCL12 or 100 nM CXCL13 for 5 min. After fixation with 3.7% paraformaldehyde for 5 min and incubation with Tris-buffered saline (TBS) supplemented with 1% bovine serum albumin (BSA) in TBS for 45 min, cells were incubated with anti-HA mAb (catalogue number 901513, Biolegend) for 1 h at room temperature. Cells were washed and incubated with alkaline phosphataseconjugated anti-mouse IgG (catalogue number A5153, Sigma) in 1% BSA in TBS for 1 h at room temperature. Cells were washed and incubated in p-nitrophenyl phosphate diluted in diethanolamine buffer (catalogue number 9701861, Bio-Rad). Reactions were stopped by adding 0.4 M NaOH, and an aliquot Endocytosis regulates CXCR4 signaling was used to measure the absorbance at 405 nm. Percent receptor internalization was calculated by subtracting the fraction of absorbance after agonist treatment and vehicle treatment (following background subtraction) from 1 and multiplying by 100.
Statistical analysis
Data are represented as the mean Ϯ S.D. of at least three independent experiments or determinations. All statistical tests were done using GraphPad Prism 7.0c for Mac OS X (GraphPad Software, San Diego). Student's t test was used to compare the difference between two groups, one-way analysis of variance (ANOVA) was used to compare the difference between three or more groups, and two-way ANOVA was used to compare the difference between different groups under different treatment conditions. ANOVA was followed by a Tukey's or Newman-Keuls post hoc test. A probability (p) value of 0.05 was considered significant. Specific values are provided in the figure panels or in the figure legends.
